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METHODS AND APPARATUS FOR DESIGN
AND CONTROL OF MULITI-PORT POWER
ELECTRONIC INTERFACE FOR
RENEWABLE ENERGY SOURCES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of the filing date of U.S.

provisional patent application No. 61/148,901, incorporated
herein by reference, which was filed on Jan. 30, 2009, by the
same 1nventors of this application.

FIELD OF THE INVENTION

The present invention generally relates to energy manage-
ment systems. More particularly, the invention relates to sys-
tems for the simultaneous harvest, storage, and dispatch of
clectrical power.

BACKGROUND OF THE INVENTION

The embodiment described herein relates generally to the
field of power systems and advanced power electronics topol-
ogy, particularly to the design, modeling, and control of such
systems.

Conventional methods and systems to harvest and process
multiple renewable energy sources may rely on distinct indi-
vidual power electronic infrastructure for each source. These
distinct individual power electronic infrastructures may share
alternating current (AC) bus or mtermediate direct current
(DC) bus, to form a distributed generation system (DGS).
However, such a system does not provide sufficient load
regulation, as well as beneficial interactions between differ-
ent sources. Power dispatching within such a system 1s coor-
dinated 1nefficiently, due to the loose structure of DGSs.
Furthermore, system cost for conventional DGSs 1s high.

The embodiment or embodiments described herein may
solve those problems as well as others by proposing a new
concept of Multi-port Power Electronic Interface (MPEI).

SUMMARY

In one respect, disclosed 1s an energy management system
comprising a first port configured for bidirectional flow of
energy and connected to an energy storage device, a second
port configured for unidirectional flow of energy and con-
nected to an energy source device, a third port configured for
bidirectional flow of energy and connected to a utility grid;
and a unified control system wherein the unified control sys-
tem comprises control logic configured to operate in a gen-
eration mode, a recovery mode, or an emergency/ UPS mode
and operable to simultaneously control energy flow between
the first, second, and third ports based on at least two factors
from the group consisting of: a state of charge of the energy
storage device, a state of the energy source device, and a state
of the utility grid.

In another respect, disclosed 1s a method for energy man-
agement. The method may 1nclude configuring a first port
connected to an energy storage device for bidirectional flow
of energy, configuring a second port connected to an energy
source device for umdirectional flow of energy, configuring a
third port connected to a utility grid for bidirectional flow of
energy, and configuring a unified control system comprising
control logic configured to simultaneously control energy
flow between the first, second, and third ports based on at least
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2

two factors from the group consisting of: a state of charge of
the energy storage device, a state of the energy source device,
and a state of the utility grid.

Numerous additional embodiments are also possible.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages ol the present invention will
become apparent from the appended claims, the following
detailed description of one or more example embodiments,
and the corresponding figures.

FIG. 1{(a) 1s a block diagram of an example environment
using renewable energy sources to reduce the burden on con-
ventional power plants, 1n accordance with some embodi-
ments.

FIG. 1(b) 1s a block diagram of a local multiple-converter-
based DGS sharing the DC bus, 1n accordance with some
embodiments.

FIG. 2 1s a block diagram 1llustrating the use of an MPEI 1n
the harvesting, storage, and dispatch of electrical power, 1n

accordance with some embodiments.

FIG. 3 1s a conceptual block diagram of the MPEI 1n
harvesting and managing renewable energy sources, making
scheduled dispatch and storage, and interacting with the util-
ity grid, in accordance with some embodiments.

FIG. 4 1s a circuit diagram for a five-port MPEI 1n accor-
dance with some embodiments.

FIG. 5 1s a block diagram 1llustrating the partition arrange-
ment of the MPEI, 1n accordance with some embodiments.

FIG. 6 1s a schematic 1llustration of the equivalent circuit
model dertved for the four-port source interface subsystem, in
accordance with some embodiments.

FIG. 7 1s a schematic illustration of the resulting large
signal model with perturbation, 1n accordance with some
embodiments.

FIG. 8 1s a Bode plot for the scenario where the battery port
1s selected to operate under voltage-mode while the other
ports are selected to operate under current-mode, 1n accor-
dance with some embodiments.

FIG. 9 1s an illustration of the integrated control system
structure based on the small s1ignal model, in accordance with
some embodiments.

FIG. 10 15 a block diagram showing the detailed control
loop, 1n accordance with some embodiments.

FIG. 11 1s a block diagram showing the detailed control
loop under single-input operation, 1n accordance with some
embodiments.

FIGS. 12(a)-12(b),13(a)-13()), 14(a)-14(b), and 15(a)-15
(b) are graphs showing the frequency responses of the uncom-
pensated and the proportional and integral controller com-
pensated open-loop transier function for the mner current
loops for the battery, fuel cell, solar, and wind, 1n accordance
with some embodiments.

FIGS. 16(a) and (b) are graphs showing the compensated
voltage loops for the battery and fuel cell, in accordance with
some embodiments.

FIGS. 17(a) and (b) are graphs showing the frequency
responses of the voltage loop controlled by the battery switch-
ing cell and the proportional and 1ntegral controller compen-
sated voltage loop for the MPFEI source interface, 1n accor-
dance with some embodiments.

FIG. 18(a) 1s a block diagram showing the state machine of
mode transitions, in accordance with some embodiments.

FIG. 18()) 1s a block diagram illustrating the operation of
the MPEI 1n Generation Mode, in accordance with some
embodiments.
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FIG. 18(c¢) 1s a block diagram 1llustrating the operation of
the MPFI 1n Recover Mode, 1n accordance with some

embodiments.

FI1G. 18(d) 1s a block diagram 1llustrating the operation of
the MPEI 1n Emergency/UPS Mode, 1n accordance with some
embodiments.

FIG. 19(a) 1s a graph illustrating the startup process of the
solar switching cell, 1n accordance with some embodiments.

FI1G. 19(b) 1s a graph showing the steady-state operation of
the solar-battery co-generation where the MPEI supplies an
1sland AC load, in accordance with some embodiments.

FI1G. 20(a) 1s a graph showing the results of a pulse load test
on the MPEI system, 1n accordance with some embodiments.

FI1G. 20(b) 1s a graph showing the results of a step load test
on the MPFEI system, in accordance with some embodiments.

FIG. 21 1s a graph illustrating the steady state maximum
power transier from solar to battery, 1n accordance with some
embodiments.

FI1G. 22 15 a graph showing the Emergency Mode of opera-
tion of an MPEI based on a fuel cell-battery hybrid system, in
accordance with some embodiments.

FIG. 23(a) 1s a graph illustrating the steady state load
sharing, in accordance with some embodiments.

FI1G. 23(b) 1s a graph showing a transient test of Controlled
(Quas1 Current Source, 1n accordance with some embodi-
ments.

FI1G. 23(c) 1s a graph showing the steady state load sharing
for a fuel cell-battery hybrid system where the battery 1s at
low state-of-charge, in accordance with some embodiments.

DETAILED DESCRIPTION OF ONE OR MORE
EMBODIMENTS

The drawing figures are not necessarily to scale and certain
features may be shown exaggerated 1n scale or 1n somewhat
generalized or schematic form 1n the interest of clarity and
conciseness. In the description which follows like parts may
be marked throughout the specification and drawing with the
same reference numerals. The foregoing description of the
figures 1s provided for a more complete understanding of the
drawings. It should be understood, however, that the embodi-
ments are not limited to the precise arrangements and con-
figurations shown. Although the design and use of various
embodiments are discussed in detail below, 1t should be
appreciated that the present invention provides many mven-
tive concepts that may be embodied 1n a wide variety of
contexts. The specific aspects and embodiments discussed
herein are merely illustrative of ways to make and use the
invention, and do not limit the scope of the invention. It would
be 1mpossible or impractical to include all of the possible
embodiments and contexts of the mnvention 1n this disclosure.
Upon reading this disclosure, many alternative embodiments
of the present invention will be apparent to persons of ordi-
nary skill in the art.

Renewable energy sources are getting more attention in a
broad range of applications. With more electric components
in stationary and mobile applications, the demand for elec-
tricity has been increasing over the years, thus imposing an
increasing burden on electric generation and transmission
inirastructures. Different renewable sources are incorporated
in both conventional power processing systems and renew-
able source powered systems to boost the power output. FIG.
1(a) 1s a block diagram of an example environment using
renewable energy sources to reduce the burden on conven-
tional power plants. Renewable energy based DGSs can
reduce the burdens on conventional power plants; however,
this would entail an increased investment 1n the transmission
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infrastructure. Localized generation can be one of the alter-
natives to the centralized generation pattern and offer a
chance of icorporating energy storage for power leverage.
FIG. 1(b) 1s a block diagram of a local multiple-converter-
based DGS sharing the DC bus. Most remote and local DGSs
are based on local controller with direct communication capa-
bilities or agent-based decision making mechanisms, among
which wind generation 1s a typical and successtul example.
However, if renewable sources are locally available to supply
low to medium power range applications such as micro-grid,
critical industrial zones, and vehicle power systems, the con-
ventional control system structure for DGSs might not be
suitable for such dynamic loads. With communication based
control systems, cost and reliability are the major concern 1n
terms of hardware implementation. Software delay and data
error introduced by communication process may further
degrade the performance of such systems.

Some of the previous problems may be addressed by uni-
fied multiple-input converter topology. Umfied multiple-in-
put converter topology has the advantages of low cost, high
power density, and ease ol management. Extensive research
on multiple-1nput converter systems in the past five years has
resulted 1n a wide variety of topologies. Generally, multiple-
input converter can be classified into two categories: mag-
netically coupled converter (MCC) and electrically coupled
converter (ECC). MCC may be implemented in different
ways. Based on the converter topology, flux addition and time
domain multiplexing methods are used 1n MCC to transier
energy from the primary side of converter to the secondary.
Bridge topologies, which are based on flux addition principle,
may be implemented. With bridge topologies, the power from
different sources 1s transierred to the secondary by adding
total flux 1n magnetic core from each conversion channel.
Finally, the power transfer method on multi-input topologies
may be implemented where phase angle and leakage 1induc-
tance are used to control the power flow at each port. MCC
offers flexible output voltage level as well as galvanic 1sola-
tion; however, peripheral circuitry for MCC 1s very complex
and implementation of load sharing among different sources
and energy storage elements 1s complicated (though time
multiplexing controlled MCC 1is straight forward). Addition-
ally, some power regulation methods used in MCC are circuit
parameter based, which require more effort to eliminate the
parameter drifting problem. In contrast, ECCs are usually
implemented with non-isolated topologies, such as buck,
boost, and buck-boost switching cells. The power tlow con-
trol of ECC 1s relatively straight forward and peripheral cir-
cuitry for ECC 1s usually simple. Although ECC has less
tflexibility for voltage output, the modular structure and lower
cost make ECC more attractive 1n a variety of applications
such as automotive and microprocessor voltage regulators.
ECC can be organized in a parallel or series manner. Stacked
version ol multi-port converters, paralleled switching-cell
ECC as the front-end for utility grid applications, mixed
switching-mode L-C and charge pump topology, and even
umiform boost cells have been used to form multiple-input
converter systems for both stationary and mobile applica-
tions.

The methods and systems reported to harvest and process
multiple renewable energy sources typically rely on 1ndi-
vidual power electronic infrastructures, which either share
AC bus or share intermediate DC bus to form a DGS. How-
ever, such a system does not provide sullicient load regula-
tion, necessary interactions between different sources, opti-
mal harvesting, power dispatching, and utility interactions.
Also due to the loose/discrete nature of DGSs, system cost 1s
high and reliability 1s still an 1ssue. Additionally, most meth-




US 8,442,698 B2

S

ods and systems mainly deal with unidirectional power pro-
cessing and circuit operation without stressing on modes of
sustainable operation which are one of the most desirable
features of hybrid power systems. A multi-port system, by
contrast, may provide modes of sustainable operation. Also,
due to the fact that ditlerent renewable sources have their own
dynamic range and supply of “fuel,” characteristics of renew-
able sources also have to be considered during the system
design. Therefore, topology, control system design, and
modes of operation have to be considered throughout the
design process.

To remedy the disadvantages of centralized/localized
DGSs and current multiple-input converter systems, the con-
cept of Multi-port Power Electronic Interface (MPEI) 1s dis-
closed. The term “interface™ 1s adopted here due to the fact
that both AC and DC power can be processed and dispatched
to the desired port. A five-port system 1s presented as an
example embodiment to elaborate the analysis and design.
Integrated digital control systems are proposed to achieve
Controlled Quasi Current Source (CQCS) for each input port,
such that both steady state and transient power can be shared
among different sources and energy storages. Experimental
results are provided to show the feasibility of system design.

In some embodiments, Multi-port Power Electronic Inter-
face 1s a highly integrated version of or replacement for
DGSs, while possessing superior system performance and
ultimate low engineering cost as a standalone system. As
mentioned, existing multiple input and/or output power elec-
tronic converters all focus on DC-DC converter parts which
are 1ncapable of interfacing with real world applications. The
concept of MPEI 1s addressed herein as the first contribution
of MPEI as a self-sustainable multlple input/output static
power electromc converter which 1s capable of interfacing
with different sources, storages, and loads. The integrated
control system of MPEI enables excellent system dynamic
performance and steady state performance, which renders
optimal renewable energy harvesting, optimal energy man-
agement, and optimal and economaical utility grid interactions
in a deregulated power market.

In another embodiment, an MPEI may provide two or more
levels of control. A first level of control may involve a control
routine that provides for optimal harvest of energy from wind,
solar, and other green sources. The MPEI would monitor the
state of the charge (SOC) of the battery and energy storage
system and would use the harvested energy from the green
sources to charge the batteries and replenish the energy stor-
age system. A second level of control may provide for optimal
exchange of energy to and from an electrical utility grid. For
instance, the MPEI may perform energy exchanges based on
real time access to the utility price of energy. An energy trade
algorithm 1n the MPEI may consider the price of energy when
determining whether the MPEI will sell energy or store
energy. A third level of control may provide for communica-
tions. A microgrid box may communicate with a dispatch
center, such as a public utility office, with regard to power
availability, component faults, etc. The MPEI may also pro-
vide sateguard to prevent the MPEI from short circuiting or
otherwise adversely affecting the grid. Also, an MPEI may
provide for exchange of active power and reactive power.

FI1G. 2 1s a block diagram 1llustrating the use of an MPEI in
the harvesting, storage, and dispatch of electrical power, in
accordance with some embodiments.

In some embodiments, an MPFEI as shown 1n block 205
may be used to simultaneously control the harvest, storage,
and dispatch of electrical power by effectively and efficiently
managing the bidirectional flow of power between renewable
sources 210, storage 2135, power loads 220, and the utility grid
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225. The renewable sources 210 may be either photovoltaic,
tuel cell, wind turbine, energy vibrations, nuclear, and other
green energy sources. The storage 215 may consist of battery,
hydraulic, ultra capacitors, and other devices where energy
can be stored. The MPEI 205 accomplishes this simultaneous
control by being interfaced between renewable sources 210,

storage 215, power loads 220, and the utility grid 225. The
MPEI 205 may rely on an 111telhgent energy management
system (IEMS) 230 in managing the flow of power. The IEMS
230 will use the energy consumption forecast 235 and the
renewable energy generation forecast 240, along with the real
time price of energy 245 to determine when would be the
appropriate time to purchase, sell, store, or schedule energy
between the renewable sources 210, storage 215, power loads
220, and the utility grid 225. The energy consumption fore-
cast 235 and renewable energy generation forecast 240 will
be based on the weather forecast 250 and past energy con-
sumption data 255.

Considering the multiple roles of a generator, power con-
ditioner, and energy storage interface, a multi-port converter
1s expected to offer direct interface to different sources, stor-
ages, and loads, which means that the voltage/current wave-
forms at the output port are readily usable. A Multi-port
Power Electronic Interface 1s a self-sustainable multiple
input/output static power electronic converter which 1s
capable of interfacing with different sources, storages, and
loads. The integrated control system of MPEI enables both
excellent system dynamic and steady state performance
which render optimal renewable energy harvesting, optimal
energy management, and optimal and economical utility grid
interactions in a deregulated power market. FIG. 3 shows the
conceptual block diagram of the MPEI in harvesting and
managing renewable energy sources, making scheduled dis-
patch and storage, and interacting with the utility grid. Dii-
terent types of renewable sources, energy storages, and con-
ventional power sources are connected to the ports of MPEI in
torms of AC and DC power. Sumilar to 1ts counterpart at signal
level, MPEI 1s a processing and distribution center at power
level, which processes and dispatches power to desired ter-
minals with directly usable wavetorms. In signal-level pro-
cessing, the system consumes incidental power and processes
information in a variety of ways, however, in power electronic
applications, signal integrity and information security 1s not
of concern while power tlow control, power conditioning, and
mode of operation are of special interests.

Topology selection 1s based on the actual system require-
ment. High frequency transformer-based bidirectional MPEI
may be able to provide high power density, isolation, and
flexible output voltage levels. However, complexity of sup-
porting circuitry lowers the reliability of the system. Also, the
inherent current circulating and loss of voltage wavetform
problem due to magnetic-coupling need further design effort
and components to overcome. Therefore, non-1solated con-
verter topologles are a more attractive candidate in MPEI
system since 1t offers simple implementation for reliable
operation.

The circuit diagram for a five-port MPEI 1s shown 1 FIG.
4. The MPEI interfaces with fuel cell, wind turbine, solar cell,
battery, and utility grid/island user. The design adopts a six-
legged topology (using MOSFET), which form three unidi-
rectional boost converters, one buck-boost bidirectional con-
verter, and one bidirectional inverter/rectifier.

With standard phase leg switches, hereinaiter referred to as
switching cells, the system becomes very modular and easy to
integrate. Due to the characteristics of interfaced sources,
storages, and loads, a higher voltage 1s needed on the system
DC bus for inverter/DC-DC converter loads. Also, low ripple




US 8,442,698 B2

7

continuous current should be taken from fuel cell as well as
other renewable/storage sources since continuous current

will impose less stress on source side. Theretfore, a phase leg
switch 1s used as the elementary energy conversion cells 1n
MPEI systems for step-up/step-down operation. Battery
switching cells are bidirectional since batteries serve as
energy buller as well as storage. In discharging mode, the
battery supports load demand under boost operation, while in
charging mode, phase-leg 1s used as a buck converter to
charge the battery. The full bridge on the AC mterface termi-
nal can work either as inverter or rectifier. The system 1s
digitally controlled such that more flexible operation can be
achieved and component count can be minimized. Scalability
and versatility of phase-leg structured MPEI makes the sys-
tem more attractive in microgrid and automotive applications.
For example, renewable sources/energy storages of different
terminal characteristics (AC or DC source) can be integrated
into MPEI easily. The phase-leg can be further configured as
either a multiple phase rectifier or a multi-phase DC-DC
converter as well.

As a power interface, MPEI does not store energy; renew-
able or conventional power 1s optimally harvested and power
flow will go either to energy storage or to AC port for the grid
and 1sland user. As indicated 1n FIG. 4, power processing 1n
MPEI has two stages: pre-conditioning and load condition-
ing. Therefore, an intermediate goal exists in MPEI to achieve
a solid voltage or current link for downstream converters.
Another fact 1s that the AC interface does not necessarily
operate at the same switching frequency as the DC interfaces
due to the different power processing capacity. The AC inter-
tace usually operates at lower switching frequency to avoid
excessive switching losses. Based on above facts, the MPEI
system can be further partitioned into a front-end converter
system as a DC source interface and a load-end converter
system as an AC load interface. In this patent, to simplily the
analysis, four DC-DC converters are treated as source inter-
faces while a single phase inverter 1s treated as load interface.
The partition arrangement of the MPEI 1s shown 1n FIG. 5.
The DC source interface processes the power from the renew-
able sources and energy storages and supports a stable DC-
link. The energy flow at renewable energy ports 1s unidirec-
tional and at energy storage ports the energy flow 1s
bidirectional. The AC load interface subsystem deals with its
own load and 1s supplied by solid DC-link voltage. From this
perspective, modeling and control system design can be done
for separate converter subsystems. The modeling and control
ol source interface will be addressed since major power con-
ditioning and power sharing processes are handled by the
source interface subsystem.

Asillustrated in F1G. §, the MPEI system 1s partitioned into
load and source interface for the convemence of analysis;
cach subsystem can be characterized, modeled, and properly
controlled. The method to evaluate the MPEI system stability
1s available as Middlebrook’s criteria on small signal level.
Equation (1) indicates the criteria for asymptotic stability of a
voltage controlled DC-link system by studying the subsystem
impedance, where Z | 1s the output impedance of source inter-
face subsystem and Z, the imnput impedance of load interface
subsystem. The stability 1s ensured 11 the eigenvalues of the
transier function H(s) are located in the left hand side the
Imaginary axis.

Z, (1)
Lo+ 7
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The equivalent circuit model derived for the four-port source
interface subsystem 1s schematically illustrated in FI1G. 6. The
average switch modeling method 1s used to obtain the large
signal model of the system on the assumption of continuous
current mode (CCM) operation. Considering the fact that the
dynamics of renewable sources are decades lower than the
proposed system control bandwidth, solid DC sources are
used to model the four different sources and storages in the
average model. Small signal variations from source side are
ignored. A resistive load instead of converter load 1s used
when analyzing source interface subsystem due to relatively
large DC-link capacitance. Small signal perturbations are
applied to the state variables (1inductor current 1n each switch-
ing cell L, and DC-link voltage v ) and control variables (D).
The resulting large signal model with perturbation 1s sche-
matically shown 1n FIG. 7. The open-loop control-to-output
transier function matrix can be found as in equation (2).

Wi O 3 Oy [di] [ (2)
oy W2 Q3 Qoa | | &y _| % e
O3 B3y W33 D3y | | &3 3
Dy Dyy By Wy | |da| [ 4
where

I;;L;s
¥ii = Ve - D
O, = — fiLis , i+ j;and

D;
o= BESHD 05
RD!

L, 1s the input inductance, C 1s the capacitor on the DC bus, R
1s the equuvalent load resistance, V, 1s the source voltage, I, 1s
the inductor average current, V. 1s the DC-link capacitor
average voltage, and D'=1-D,, where D, 1s the steady-state
duty cycle value. It can be easily observed that with the
common task of stabilizing the DC-link voltage, different
switching cells 1nject disturbances into the DC-link. In the
simplest case where there 1s single-input and single-output,
the transfer function matrix can be reduced to the scalar
version, which 1s exactly the control-to-output transier func-
tion of a boost converter.

To interpret the transfer function matrix, the system opera-
tion under multiple-source mnput should be addressed first.
There are two tasks for the source-interface system: stabiliz-
ing the DC-link voltage for downstream converters and regu-
lating the mput power for better power leverage. Therefore, at
least one switching cell should be used to stabilize the DC-
link voltage while the rest can contribute to power tlow con-
trol by regulating input currents. To stabilize the DC-link
voltage using the i”” switching cell, the i”” row in equation (2)
should be used. The voltage stabilizing eftfort 1s mainly con-
tributed by the transfer function ¥ /d, while the mjected dis-
turbances are from the off-diagonal terms in the i’ i” row by

v/ L, where j=1.

IT one port (battery as source) 1s selected to operate under
voltage-mode, and the other ports (fuel cell, wind turbine and
solar panel) are operated under current-mode, interferences
from other non-voltage-controlled switching cells have to be
considered 1n the control system design. FIG. 8 shows the
Bode plot for this scenario. As can be observed, current-mode
operated switching cells contribute to modification of fre-
quency-domain responses aiter the resonant frequency.
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A control system organized in an integrated manner has
several important advantages over the conventional distrib-
uted version. First, the reference values and control variables
can be passed to individual controllers internally without
propagation delay or error. Second, it 1s more efficient in
implementing state transition. The integrated control system
structure based on the small signal model is illustrated in FIG.
9, where H (s) 1s the voltage transducer gain, H, (s) 1s the
current transducer gain, C (s) 1s the voltage controller, L_ 1s
the control vector for load sharing control, C, (s) 1s the current
controller, FM 1s the pulse width modulation (PWM) gain,
and x=1, 2, 3, 4. The cascaded control structure takes the
voltage controller output as the internal reference for the
current controller, forming an average current-mode control
(ACM) for each controller channel. Using ACM control 1n a
paralleled-cascaded structure enables several degrees of Iree-
dom 1n control. Both the DC-link voltage and the currents at
1-1 ports (g1ven total 1 input ports) are controllable. Therefore,
inductor currents can be regulated directly or indirectly for
power dispatching/load sharing purposes. As shown in FIG.
9, output voltage (DC-link) voltage 1s sensed and fed back to
compare with the voltage reference. The resulting voltage
error 1s amplified by the voltage controller to generate a
current reference. This programmed current reference signal

1s scaled by the control vector L=[L ., L, L3, L] and fed mnto
individual current controllers respectively. Since current rei-
erence for each controller 1s different, current 1n each inductor
can be precisely controlled for power dispatching purposes. If
no power sharing 1s needed, all ports can also work under
even-current sharing mode with control vector bypass (L., =1).

As explained before, at least one element in T is bypassed
to support a stable DC-link voltage. The other elements can be
configured to interval (0, 1) to program the proper reference
values for direct current control. In fact, enforcing update of
L., element will vanish, however not completely, and the effort
of the outer voltage control loop will shape the inductor
currents mto desired steady state values. With the control
vector mserted into the cascaded control structure, the steady

state value of Controlled Quasi-Current-Sources (CQCS) can

be fully controlled by the control vector L. However, in a
dynamic scenario, CQCSs can share the dynamics propa-
gated from the outside voltage loop and reduce the current
stress 1n the desired power source. Equation (3) gives the
expression for total input current I,,, 1n terms of current loop
reference I*, ~and control vector element L for a four-port
source interface. The term |H, (s)l refers to the DC gain of the
current transducer.

4 3
IEEf.L'x ( )

Hi(s)

Iin

x=1

(Given the same current transducer gain for all port currents
measurement, the current in each conversion channel can be
simplified as shown in equation (4), which 1s indeed a
weighted current distribution based on element L.

L
4

2 Ly

x=1

(4)

I = Ay
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In fact, there 1s no constraint in choosing L. _value as indicated
in equation (4), and in theory L, € [0,0]. However, consider-
ing practical implementation 1 digital systems, only the
interval [0,1] 1s chosen 1n this embodiment.

Local power management 1s realized by maximum power
tracking of solar/wind power and power flow control based on
power balance. Since solar and wind power 1s under direct
control, desired current distribution in fuel cell and battery
can be easily calculated. Maximum power tracking 1s 1imple-
mented using the Perturbation & Observation method (P&O).
The control reference for solar and wind port currents are
perturbed and updated on a timely basis 1n order to approach
the maximum power point. It has to be pointed out that
although the current commands for solar and wind ports are
directly fed, in order to keep the generality, control loop
design 1s still based on the control structure shown 1n FIG. 9.
The detailed control loop 1s illustrated in FIG. 10 1n terms of
transter tunction blocks, where G, (s) 1s the control-to-cur-
rent transier function. The generatecf control variable d, 1s fed
into the transfer function matrix, equation (2), to obtain out-
put voltage v ..

Since a double-loop structure 1s used, bandwidth separa-
tion 1s a must. With CQCS control, the fuel cell current 1s the
direct controlled state vaniable. The bandwidth of the fuel cell
current loop should be as low as possible to relieve the current
stress of the fuel cell membrane. In DC load applications, the
bandwidth of the fuel cell current loop can be selected as low
as possible with half a decade separation from the voltage
control loop. However, more constraints apply to the MPFEI
case since the load of the source interface 1s a single phase
inverter, which will inject 120 Hz nipple into the DC-link.
Therefore, at least half a decade of bandwidth separation from
120 Hz 1s desirable for both the current controller and the
voltage controller. In this embodiment, the current and volt-
age control loops will be designed for one mput-port opera-

tion as well as four mput-port operation. The MPEI power
rating and circuit parameters are listed in Table I and I1.

TABLE ]
MPEI Power Distribution
Fuel Cell Battery Wind Turbine Solar
1 kW 1.2 kW 400 W 400 W
TABLE Il

MPEI Passive Components

Fuel Cell Inductor Lz~=595 uH
Battery Inductor Lpastery =334 uH
Solar Inductor Lpy-=845uH

Wind Inductor
DC-link capacitor

Ly ;= 1000 pH
Coctinge = 2900 uk

The DC-link 1s selected as 100-120 volt considering the step-
up ratio of the boost switching cells. Under single-input
operation, the control system block diagram i FIG. 10 can be
simplified as shown 1n FIG. 11. The current open-loop gain
and voltage open-loop gain 1s given 1n equation (5) and equa-
tion (6), respectively. The sample-and-hold in digital control
system 1s modeled with zero-order-hold block 1n s-domain.

L{s)=Cls ) FM-G () H (5)- ZOH (3)

I,(s)=C(s)-G,(s)-H,(5) (6)
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The frequency responses ol the uncompensated and the
proportional and integral (PI) controller compensated open-
loop transier function for the inner current loop are shown 1n
FIGS. 12(a)-12(b), 13(a)-13(b), 14(a)-14(b), and 15(a)-15
(b). As indicated 1n Table III, the current loop cross-over
frequency of fuel cell switching cell 1s set at 633 Hz, which
offers more than half a decade separation from the 120 Hz
ripple frequency. The cross-over for battery, solar, and wind
switching cells are selected relatively higher than the fuel cell
channel. However, they still maintain a reasonable gain and
phase margin respectively. The detailed gain and phase mar-
gin for each current control loop 1s listed 1n Table II1.

TABLE III

Current-IL.oop Performance

Current Loop Gaimn Margin  Phase Margin  Cross-over Frequency
Battery 12.8 dB 56.5° 1.01 kHz

Fuel Cell 17.1dB 67.6° 633 Hz

Solar 12.2dB 55.1° 1.07 kHz

Wind 11.5dB 52.7° 1.16 kHz

In single-input port operation, the fuel cell and the battery
can support DC-link voltage individually. By equalizing the
compensated 1nner current loop as a transfer function block
G, (s), the open-loop transter function of voltage loop 1s found
as 1n equation (6). To avoid the 120 Hz ripple injection from
the DC-link side, the voltage loop cross-over 1s selected lower
than 24 Hz. In order to attenuate undesired disturbances, the
cross-frequency of the battery voltage loop 1s selected as 8.32
Hz and as 5.41 Hz for the fuel cell voltage loop, which are
plotted in FIGS. 16(a) and 16(b), respectively. The phase/gain
margin of 74°/33 dB and 75°/35 dB can be achieved for the
battery voltage drop and the fuel cell voltage loop, respec-
tively.

In the case of multiple-source operation, the MPEI is orga-
nized as a cascade-parallel structure, as shown 1n FIG. 10.
Since only one voltage controller 1s proposed in the entire
control structure, the duty cycle perturbations (d, ) generated
by different current loops must be evaluated and compensated
tor DC-link voltage stabilization. According to FIG. 10, the
voltage open-loop gain under four-port input 1s derived in
equation (7). The “supernode” transier function P (s) 1s indi-
cated 1n equation (8), in which battery channel with control
variable d, is used to support DC-link voltage (the 1°° row is
selected 1n voltage loop design). C._(s) and T, (s) are the
current controller and the current open-loop gain for the i
port, respectively.

Ty(s) = Cy(s)- Py(s)- Hy(s) (7)
where

4 (8)

Z L -Gy -y
Py(s) = —
&1

and
G = Cixts) 2OH- P ,x=1,2,3,4. )

1 +T,(s)

Under feedback controlled mner current loops, the fre-
quency response of voltage loop (controlled by the battery
switching cell) 1s shown in FIG. 17(a). Similar patterns of
frequency response can be observed, in which disturbances
from other switching cells only contribute to the modifica-
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tions at higher frequencies. A classical PI controller 1s used to
compensate the voltage loop. The cross-over frequency 1is
chosen as 1.89 Hz for better immumzation to noise. A gain
margin of 48.8 dB and a phase margin of 81.3° of phase
margin can be achieved, as 1s shown 1 FIG. 17(b).

Taking the advantages of energy storage and controlled
direction of power flow, the MPEI can harvest, store, and
dispatch energy. Three modes of operation are defined for the
MPEI to maintain sustainable work cycle: Generation Mode,
Emergency/Uninterruptable Power Supply (UPS) Mode, and
Recovery Mode, which is also called “Recover Mode” herein.
Transitions between the modes are event-based. The state
machine of mode transitions 1s shown 1n FIG. 18(a). Discrete
events such as availability of renewable sources, state of
charge (SOC) 1n battery or other energy storage, power
demand at load-end, utility line status (V,,r~), and human
iput such as a preset threshold voltage (V) are taken as
inputs to the system controller. States of the system are moni-
tored to provide feedback information to the local control
loop as well as the local power management controller. Both
discrete events and system states are used to make the opera-
tion mode transition decisions. With base power provider
(fuel cell), renewable sources (wind and solar), energy stor-
age (battery), and utility grid/island user, the MPEI operates
in such a way that renewable sources are always optimally
harvested and economically used. Base power 1s always avail-
able and the state of charge 1n energy storage 1s always above
a safe level for emergency use. It V, ... falls below V..., the
MPEI will operate in Emergency/UPS Mode. When V; /.- 15
greater than 'V ..., the MPEI will operate 1n either Generation
Mode or Recover Mode depending on the SOC of the storage.
In this embodiment, it the SOC<0.9, the MPEI will be 1n
Recover Mode until SOC 1s greater than 0.93, at which point
the MPEI will be in Generation Mode. The MPEI can be
on-line all the time to provide suificient power to the user and
in doing so, generate zero emissions, which 1s a sustainable
mode of operation.

FIG. 18(b) illustrates the operation of the MPEI in Genera-
tion Mode. The system 1s 1n Generation Mode, where the
MPEI harvests available renewable energy and stores energy
as well as supplies AC load, 11 there 1s no demand from the
customer end and the storage i1s fully charged, greater than
95%. This 1s state S1 where the solar panel, wind turbine, and
storage generate power to the grid. When the SOC of the
storage 1s less than 90%, and the power from solar and wind
1s equal to zero, the system changes from state S1 to state S2
where energy 1s no longer sold to the utility grid.

FIG. 18(c) depicts operation of the MPEI 1n Recovery
Mode. The system 1s 1n Recover Mode 11 no demand 1s found
at the AC port, 1n which case renewable sources, with or
without the utility grid, charge the storage based on the SOC
of the storage. Multiple sources are used ifrecovery of energy
storage 1s an immediate task. If the SOC of the storage 1s less
than 50%, all local energy sources (fuel cell, solar, and wind)
as well as the utility grid dispatch energy to the storage until
the SOC reaches 90%. At this point, only energy from solar
and wind 1s dispatched to the storage.

FIG. 18(d) depicts operation of the MPEI in Emergency/
UPS Mode. The system transitions from state S1 to state S2
when the SOC 1s less than 90% and the load power 1s greater
than the maximum storage power plus the power from solar
and wind. The system transitions from state S2 to state S3 1f
the SOC 1s less than 50% and the load power is less than the
maximum fuel cell power plus the power from solar and wind.
The system transitions from state S2 to state S4 1f the line
voltage 1s greater than or equal to the threshold voltage and
the SOC 1s less than 50%. The system transitions from state
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S3 to state S4 1f the SOC 1s less than 50% and the load power
plus the minimum storage power 1s less than the maximum
tuel cell power plus the power from solar and wind. The
system transitions from state S4 to state S2 1f the SOC 1s less
than 90% and the load power 1s greater than the storage power
plus the power from solar and wind. The system transitions
from state S4 to state S1 1f the SOC 1s greater than 95%.

A five-port MPEI system interfaced to one Ballard Nexa
tuel cell system, one lead acid battery pack, two series-con-
nected solar panels, and one 48 V brushless DC wind turbine
1s experimentally tested at several meaningftul system states
of operation, in both transient and steady state, to demonstrate
the CQCS method and load sharing performance. Under
maximum power point tracking (MPPT), the solar current
reference 1s updated in a timely basis synchronized with
multiples of line frequency. The startup process of the solar
switching cell 1s 1llustrated 1n FIG. 19(a), where the maxi-
mum power point 1s reached 1n ten seconds and the power
harvested from solar 1s approximately equal to that of the
calibrated solar panel output power under the same sun 1irra-
diation. In the load sharing operation, the solar panel is
actively controlled to deliver maximum power to the imnverter
load while the remaining power-in-demand 1s provided by the
energy storage (battery). FIG. 19(b) shows the steady-state
operation of the solar-battery co-generation where the MPEI
supplies an 1sland AC load.

Since the power draw from solar and wind ports 1s under
direct control during the load sharing process, the load
dynamics are taken by the ACM controlled battery switching
cell. FIG. 20(a) shows a pulse load test with solar-battery load
sharing. The solar switching cell 1s working under MPPT
while the battery switching cell stabilizes the DC-link voltage
and dynamically shares the remaining power-in-demand. For
the pulse load test, a 300 Watt pulse load 1s applied to the
MPEI system and as can be observed from the FIG. 20(a), the
MPPT operation (solar current) 1s not aifected by the pulse
load and the battery channel buffers the load dynamics by
providing a pulse current. A step load test 1s illustrated 1n FIG.
20(b). The step load test 1s done with the wind turbine, the
solar panel, and the battery working under load sharing. Dur-
ing a 300 Watt step load transient, the battery supplies the step
load-in-demand while the MPPT of the solar and wind power
are not affected.

In a solar-battery hybrid system, power maximization
(maximum power transier from solar to battery) 1s a desirable
teature. This scenario can occur in Recovery Mode when only
optimally harvested solar power 1s transierred to the battery
pack. A current mode maximum power transier (CMMPT)
method 1s utilized to provide a dynamic relation between the
battery charging current, the solar panel current, and the solar
output power. The steady state maximum power transfer from
solar to battery 1s illustrated in FIG. 21.

The MPEI operates 1n Emergency Mode 11 the utility line
voltage collapses, 1.e. V, <V ... An Emergency Mode of
operation based on a fuel cell-battery hybrid system 1s shown
in FIG. 22. Four states are associated with the operation of the
MPEI in Emergency Mode. In State I, the battery channel 1s
supplying the full 50 amp load at the beginning while the fuel
cell 1s warming-up with little current draw. In State 11, the tuel
cell 1s working to supply nominal load and charging the
battery with eight amps of current. In the power peaking State
I11, the fuel cell and the battery share the power to the load. In

State I11, the control vector L, is equal to [1,1], thus evenly
sharing the current between the fuel cell and the battery. In
State IV during constant load demand, the fuel cell has to
supply the load all alone without the battery because the
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battery SOC 1s too low. As shown 1n the wavetorm of FIG. 22,
all four states are fully functional with nominal load at steady
state and smooth transitions between the operation modes.
To test the performance of CQCS, an MPEI using the fuel
cell and the battery as the main power sources to supply the

load 1interface 1s used. By adjusting the control vector L. the
steady state as well as the dynamics of the inner current
reference are altered proportionally. F1G. 23(a) 1llustrates the

=

steady state load sharing with the updated control vectors L
of [15,1],[1.,1],[1,%4], [V~,1], and [V4,1], where the fuel cell 1s
configured to share 14, 14, 24, 14, and 4 of the entire current
respectively from the left to the right side of the chart. The
transient test of CQCS 1s shown 1n FI1G. 23(5). In this test, the

control vector T, is set to [1,1] which renders even current
sharing between the fuel cell and the battery. Upon the pres-
ence of a pulse load, the fuel cell and the battery current
respond to the load dynamics by providing the same step of
currents. However, in most scenarios, due to the usage of
renewable sources and energy storages, constraints will apply
during the system operation, such as the cold start of the fuel
cell and the low state-of-charge 1n the battery. Reconfiguring
the control vector can properly solve this problem and operate
cach source at 1ts sub-optimal state. FIG. 23(c¢) shows the
scenario when the battery 1s at low state-of-charge and the
control vector 1s configured as [1, ¥/2]. The steady state opera-
tion can be observed 1n the second and forth segments from
the left of F1G. 23(c¢) in which the battery only shares 4 of the
entire input current and 1s protected from over-discharging.
During a pulse load transient, the load dynamics 1s split
between the fuel cell and the battery source. As expected, the
battery also shares 4 of the current-in-demand during the
pulse load period.

In light of the principles and example embodiments
described and 1llustrated herein, it will be recognized that the
example embodiments can be modified 1n arrangement and
detail without departing from such principles. Also, the fore-
going discussion has focused on particular embodiments, but
other configurations are contemplated. In particular, even
though expressions such as “in one embodiment,” “in another
embodiment,” or the like are used herein, these phrases are
meant to generally reference embodiment possibilities, and
are not intended to limit the 1invention to particular embodi-
ment configurations. As used herein, these terms may refer-
ence the same or different embodiments that are combinable
into other embodiments.

Similarly, although example processes have been
described with regard to particular operations performed 1n a
particular sequence, numerous modifications could be
applied to those processes to derive numerous alternative
embodiments of the present invention. For example, alterna-
tive embodiments may include processes that use fewer than
all of the disclosed operations, processes that use additional
operations, and processes 1n which the individual operations
disclosed herein are combined, subdivided, rearranged, or

otherwise altered.

This disclosure also described various benefits and advan-
tages that may be provided by various embodiments. One,
some, all, or different benefits or advantages may be provided
by different embodiments.

In view of the wide variety of useful permutations that may
be readily derived from the example embodiments described
herein, this detailed description 1s intended to be 1llustrative
only, and should not be taken as limiting the scope of the
invention. What 1s claimed as the invention, therefore, are all
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implementations that come within the scope of the following
claims, and all equivalents to such implementations.

What 1s claimed 1s:

1. An energy management system, comprising:

a first port configured for bidirectional flow of energy and
connected to an energy storage device;

a second port configured for unidirectional flow of energy
and connected to an energy source device;

a third port configured for bidirectional flow of energy and
connected to a utility grid; and

a unified control system wherein the unified control system
comprises control logic configured to operate 1n a gen-
eration mode, a recovery mode, and an emergency/UPS
mode and operable to simultaneously control energy
flow between the first, second, and third ports based on at
least two factors from a group consisting of:

a state of charge of the energy storage device,

a state of the energy source device, and

a state of the utility grid, and

wherein the emergency/UPS mode comprises energy
transier from the energy source device and the energy
storage device to apower load or the utility grid when the
state of charge of the energy storage device 1s less than
90% and a load power demand 1s greater than a maxi-
mum state of charge o the energy storage device plus the
state of the energy source device.

2. The energy management system of claim 1, further com-

prising;:

an 1ntelligent energy management system wherein the
intelligent energy management system comprises con-
trol logic operable to purchase, sell, store, or schedule
energy between the first, second, and third ports based
on at least one factor from the group consisting of:

a renewable energy generation forecast,

an energy consumption forecast, and

a substantially real-time price of energy.

3. The energy management system of claim 2, wherein the
renewable energy generation forecast 1s based on a weather
forecast.

4. The energy management system of claim 2, wherein the
energy consumption forecast 1s based on a weather forecast
and past energy consumption data.

5. The energy management system of claim 1, wherein the
energy source device comprises at least one device from the
group consisting of: a photovoltaic device, a fuel cell, a wind
turbine, a vibration energy harvester, and a nuclear device.

6. The energy management system of claim 1, wherein the
energy storage device comprises at least one device from the
group consisting of: a battery, a hydraulic device, and an ultra
capacitor.

7. The energy management system of claim 1, further com-
prising:

a DC source interface converter configured to process uni-
directional energy flow from the energy source device
and bidirectional energy flow from the energy storage
device to support a stable DC-link; and

an AC load interface converter supplied by the stable DC-
link; and

wherein the AC load interface 1s configured to process
bidirectional energy tlow from the utility grid.

8. The energy management system of claim 1, wherein the
generation mode comprises energy transfer from the energy
storage device and the energy source device to the utility grid
when the state of charge of the energy storage device 1s
greater than 95% and the state of the energy source device 1s
greater than zero.
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9. The energy management system of claim 1, wherein the
recovery mode comprises energy transier from the energy
source device and the utility grid to the energy storage device
when the state of charge of the energy storage device 1s less
than 50%.

10. The energy management system of claim 1, wherein the
emergency/UPS mode comprises energy transfer from the
energy source device and the energy storage device to the
utility grid when the state of charge of the energy storage
device 1s greater than 95%.

11. The energy management system of claim 1, wherein the
emergency/UPS mode comprises energy transier only from
the at least one energy source device to a power load or the
utility grid when the state of charge of the energy storage
device 1s less than 50% and the load power demand 1s less
than the state of the energy source device.

12. An energy management system, comprising:

a first port configured for bidirectional flow of energy and

connected to an energy storage device;

a second port configured for unidirectional flow of energy

and connected to an energy source device;

a third port configured for bidirectional flow of energy and

connected to a utility grid; and
a unified control system wherein the unified control system
comprises control logic configured to operate 1n a gen-
eration mode, a recovery mode, and an emergency/UPS
mode and operable to simultaneously control energy
tlow between the first, second, and third ports based on at
least two factors from the group consisting of:
a state of charge of the energy storage device,
a state of the energy source device, and
a state of the utility grid, and
wherein the emergency/UPS mode comprises energy
transier from the energy source device to the energy
storage device and a power load or the utility grid when
the state of charge of the energy storage device 1s less
than 50% and a load power demand plus a minimum
state of charge of the energy storage device 1s less than
the state of the energy source device.
13. A method for managing energy movement, the method
comprising:
recerving, at a unified control system for a multi-port power
intertace operable to provide for energy tlow between
first, second, and third ports of the multi-port power
interface, information pertaining to a state of charge of
an energy storage device connected to the first port;

recerving, at the unified control system, information per-
taining to a state of at least one energy source device
connected to the second port;

recerving, at the unified control system, information per-

taining to a state of a utility grid connected to the third
port; and

automatically determining whether operational character-

istics of the multi-port power mterface should be modi-

fied, based on at least two factors from the group con-

sisting of:

the information pertaining to the state of charge of the
energy storage device;

the mformation pertaining to the state of the energy
source device; and

the information pertaining to the state of the utility grid;

and

in response to determining that operational characteristics

of the multi-port power interface should be modified,
automatically modifying the operational characteristics
of the multi-port power interface accordingly, wherein
the operation of automatically determining whether
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operational characteristics of the multi-port power inter-
face should be modified comprises automatically select-
ing between at least three modes, comprising:

a recovery mode for purchasing energy from the utility
grid;

a generation mode for selling energy to the utility grid; and

an emergency mode, wherein the emergency mode 1s
selected 1n response to determining that the state of
charge of the energy storage device 1s less than 90% and
a load power demand 1s greater than a maximum state of
charge of the energy storage device plus the state of the
energy source device;

wherein the unified control system comprises control logic
configured to operate in the generation mode, the recov-

ery mode, and the emergency mode.

14. The method of claim 13, wherein:

the operation of selecting between at least three modes
comprises selecting the generation mode 1n response to
determining that the state of charge of the energy storage
device 1s greater than 95% and the state of the energy
source device 1s greater than zero; and

the operation of automatically modifying the operational

characteristics of the multi-port power interface accord-
ingly comprises configuring the multi-port power inter-
face to transfer energy from the energy storage device
and the energy source device to the utility grid.

15. The method of claim 13, wherein:

the operation of selecting between at least three modes

comprises selecting the recovery mode 1n response to
determining that the state of charge of the energy storage
device 1s less than 50%; and

the operation of automatically modifying the operational

characteristics of the multi-port power interface accord-
ingly comprises configuring the multi-port power inter-
face to transfer energy from the energy source device
and the utility grid to the energy storage device.

16. The method of claim 13, wherein the emergency mode
1s selected 1n response to determining that the state of charge
ol the energy storage device 1s greater than 95%; and

the operation of automatically moditying the operational

characteristics of the multi-port power interface accord-
ingly comprises configuring the multi-port power inter-
face to transfer energy from the energy source device
and the energy storage device to a power load or the
utility grid.

17. The method of claim 13, wherein:

the operation of automatically modifying the operational

characteristics of the multi-port power interface accord-
ingly comprises configuring the multi-port power inter-
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face to transfer energy from the energy source device
and the energy storage device to a power load.
18. The method of claim 13, wherein the emergency mode
1s selected 1n response to determining that the state of charge
of the energy storage device 1s less than 50% and a load power
demand 1s less than the state of the energy source device; and
the operation of automatically moditying the operational
characteristics of the multi-port power interface accord-
ingly comprises configuring the multi-port power inter-
face to transfer energy only from the at least one energy
source device to a power load or the utility grid.
19. The method of claim 13, wherein the emergency mode
1s selected 1n response to determining that the state of charge
of the energy storage device1s less than 50% and a load power
demand plus a minimum state of charge of the energy storage
device 1s less than the state of the energy source device; and
the operation of automatically modifying the operational
characteristics of the multi-port power interface accord-
ingly comprises configuring the multi-port power inter-
face to transier energy from the energy source device to
the energy storage device and a power load or the utility
orid.
20. The method of claim 13, wherein the determination of
whether operational characteristics of the multi-port power
interface should be modified 1s further based on at least one
factor from the group consisting of:
a renewable energy generation forecast,
an energy consumption forecast, and
a substantially real-time price of energy.
21. The method of claim 20, wherein the renewable energy
generation forecast 1s based on a weather forecast.
22. The method of claim 20, wherein the energy consump-
tion forecast 1s based on a weather forecast and past energy
consumption data.
23. The method of claim 13, wherein the energy source
device comprises at least one device from the group consist-
ing of: a photovoltaic device, a fuel cell, a wind turbine, a
vibration energy harvester, and a nuclear device.
24. The method of claim 13, wherein the energy storage
device comprises at least one device from the group consist-
ing of: a battery, a hydraulic device, and an ultra capacitor.
25. The method of claim 13, further comprising:
configuring a DC source interface converter to process
unidirectional energy flow from the energy source
device and bidirectional energy flow from the energy
storage device to support a stable DC-link; and

configuring an AC load interface converter supplied by the
stable DC-link to process bidirectional energy tflow from
the utility grid.
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